ABSTRACT. To determine whether developmental hypothyroidism causes permanent disruption of neuronal development, we first performed a global gene expression profiling study targeting hippocampal CA1 neurons in male rats at the end of maternal exposure to antithyroid agents on weaning (postnatal day 20). As a result, genes associated with nervous system development, zinc ion binding, apoptosis and cell adhesion were commonly up-or down-regulated. Genes related to calcium ion binding were up-regulated and those for myelination were often down-regulated. We, then, examined immunohistochemical cellular distribution of Ephrin type A receptor 5 (EphA5) and Tachykinin receptor (Tacr)-3, those selected based on the gene expression profiles, in the hippocampal formation at the adult stage (11-week-old) as well as at the end of exposure. At weaning, both EphA5-and Tacr3-immunoreactive cells with strong intensities appeared in the pyramidal cell layer or stratum oriens of the hippocampal CA1 region. Although the magnitude of the change was decreased at the adult stage, Tacr3 in the CA1 region showed a sustained increase in expressing cells until the adult stage after developmental hypothyroidism. On the other hand, EphA5-expressing cells did not show sustained increase at the adult stage. The results suggest that developmental hypothyroidism caused sustained neuronal expression of Tacr3 in the hippocampal CA1 region, probably reflecting a neuroprotective mechanism for mismigration.
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J. Vet. Med. Sci. 72(2): [187] [188] [189] [190] [191] [192] [193] [194] [195] 2010 Thyroid hormones are essential for normal fetal and neonatal brain development. They control neuronal and glial proliferation in definitive brain regions and regulate neural migration and differentiation [12, 18, 21] . In humans, maternal hypothyroxinemia, early in pregnancy, may have adverse effects on fetal brain development and importantly, even mild-moderate hypothyroxinemia may result in suboptimal neurodevelopment [4] . These results may increase the concern of thyroid hormone-disrupting chemicals in the environment.
Experimentally, developmental hypothyroidism leads to growth retardation, neurological defects and impaired performance on a variety of behavioral learning actions [1, 2] . Rat offspring exposed maternally to anti-thyroid agents such as 6-propyl-2-thiouracil (PTU) show brain retardation, with impaired neuronal migration and white matter hypoplasia involving limited axonal myelination and oligodendrocytic accumulation [6, 8, 21] . The outcome of this type of brain retardation is permanent and is accompanied by apparent structural and functional abnormalities. However, it is still unclear whether the molecular aberrations remain in the retarded brain after maturation.
Histological lesion-specific gene expression profiling provides valuable information on the mechanisms underlying lesion development. We have established molecular analysis methods for DNA, RNA and proteins in paraffinembedded small tissue specimens utilizing an organic solvent-based fixative, methacarn, with high performance close to that achieved with unfixed frozen tissue specimens [22, 26, 27] . We have previously applied these techniques to analyze global gene expression changes in microdissected lesions [23, 28] .
Hippocampal CA1 region is a well-known target of developmental hypothyroidism [8] , and we, in our recent study, detected a distribution variability of hippocampal CA1 pyramidal neurons reflecting mismigration in rat offspring at the adult stage after developmental exposure to anti-thyroid agents [24] . The present study was performed to determine whether developmental hypothyroidism triggers sustained aberrations in neuronal development associated with neuronal mismigration until the adult stage. For this purpose, we first performed a global gene expression profiling of the CA1-pyramidal cell layer in rat offspring at the end of developmental exposure to anti-thyroid agents. To distinguish chemical-specific expression changes from hypothyroidism-linked ones, two different anti-thyroid agents, PTU and 2-mercapto-1-methylimidazole (MMI), were used, and dose-related responses were also examined with PTU. To extract the neuronal cell layer-specific gene expression profile, microdissection technique was applied for microarray analysis. Based on the expression profiles obtained, cellular localization of the molecules showing altered expression were then immunohistochemically examined in the hippocampus at the adult stage as well as at the end of the developmental exposure.
MATERIALS AND METHODS
Chemicals and animals: 6-propyl-2-thiouracil (PTU; CAS No. 51-52-5) and methimazole (2-mercapto-1-methylimidazole: MMI; CAS No. 60-56-0) were obtained from Sigma Chemical Co. (St. Louis, MO, U.S.A.). Pregnant Crj:CD ® (SD)IGS rats were purchased from Charles River Japan Inc. (Yokohama, Japan) at gestation day (GD) 3 (appearance of vaginal plugs was designated as GD 0). Animals were housed individually in polycarbonate cages with wood chip bedding, maintained in an air-conditioned animal room (temperature: 24  1C; relative humidity: 55  5%) with a 12-hr light/dark cycle and allowed ad libitum access to food and tap water. A soy-free diet (Oriental Yeast Co., Ltd., Tokyo, Japan) was chosen as the basal diet for the maternal animals to eliminate possible phytoestrogen effects [10] , and water was given ad libitum throughout the experimental period including the 1-week acclimation period.
Animal experiments: The animal experiments were identical to those in a previous study [24] . In brief, maternal animals were randomly divided into four groups including untreated controls. Eight dams per group were treated with 3 or 12 ppm of PTU or 200 ppm of MMI in the drinking water from GD 10 to postnatal day (PND) 20 (PND 0: the day of delivery). On PND 2, the litters were culled randomly, leaving four male and four female offspring. On PND 20, 20 male and 20 female offspring (at least one male and one female per dam) per group were subjected to prepubertal necropsy [13, 24] .
The remaining animals were maintained until postnatal week (PNW) 11. All offspring consumed the CRF-1 basal diet and tap water ad libitum from PND 21 onwards. At PNW 11, all pups were subjected to adult stage necropsy [13, 24] .
All animals used in the present study were weighed and sacrificed by exsanguination from the abdominal aorta under deep anesthesia. These protocols were reviewed in terms of animal welfare and approved by the Animal Care and Use Committee of the National Institute of Health Sciences, Japan.
Preparation of tissue specimens and microdissection: For microarray and subsequent real-time RT-PCR analyses, the whole brain of male offspring was removed at prepubertal necropsy on PND 20 (n=4/group) and was fixed with methacarn solution for 2 hr at 4C [22] . Coronal brain slices taken at the position of -3.5 mm from the bregma were dehydrated and embedded in paraffin. The embedded tissue blocks were stored at 4C until tissue sectioning for microdissection [9] .
For microdissection, 4-m-thick sections between ten 20
m-thick serial sections were prepared. The 4 m-thick sections were stained with hematoxylin and eosin for confirmation of anatomical orientation of the hippocampal substructure to aid microdissection. The 20 m-thick sections were mounted onto PEN-foil film (Leica Microsystems GmbH, Welzlar, Germany) overlaid on glass slides, dried in an incubator overnight at 37C, and then stained using an LCM staining kit (Ambion, Inc., Austin, TX, U.S.A.). Bilateral sides of the hippocampal CA1 pyramidal cell layer in the sections were subjected to laser microbeam microdissection (Leica Microsystems GmbH) (Fig. 1) . Twenty sections from each animal were used for microdissection, and the bilateral microdissected samples were collected and stored in separate 1.5-ml sample tubes at -80C until the extraction of total RNA. RNA preparation, amplification and microarray analysis: Total RNA extraction from hippocampal CA1 samples, quantitation of the RNA yield, and amplification of RNA samples were performed using previously described methods [9, 28] .
For microarray analysis, second-round-amplified biotinlabeled antisense RNAs were subjected to hybridization with a GeneChip ® Rat Genome 230 2.0 Array (Affymetrix, Inc., Santa Clara, CA, U.S.A.), as previously described [28] .
The selection of genes and normalization of the expression data were performed using GeneSpring ® software (ver7.2, Silicon Genetics, Redwood City, CA, U.S.A.). Per chip normalization was performed according to a previously described method [28] . Genes showing signals judged to be "absent" in all eight samples of untreated controls and in the anti-thyroid agent-exposed group were excluded. Genes showing expression changes with differences of at least twofold in magnitude from the untreated controls were selected, and the "presence" signal in more than 3/4 of samples in each group showing higher expression values were selected. Genes showing altered expression in common in the anti-thyroid agent-exposed groups were also selected.
Real-time RT-PCR:
Quantitative real-time RT-PCR was performed to confirm the expression values obtained with microarrays using an ABI Prism 7000 Sequence Detection System (Applied Biosystems Japan, Tokyo, Japan). Genes those showing altered expression (2-fold, 0.5-fold) in common in the anti-thyroid agent-exposed groups as compared with untreated control offspring were randomly selected, irrespective of the presence or absence of statistically significant difference. As a result, the following seven genes (four up-regulated and three down-regulated) with known function were selected as targets: Tachykinin receptor 3 (Tacr3), Calbindin 1, Slit homolog 2 (Drosophila) and Pleomorphic adenoma gene-like 1 (Plagl1) as up-regulated examples, and Myelin-associated oligodendrocytic basic protein (Mobp), Endothelial differentiation, sphingolipid Gprotein-coupled receptor, 8 and CCAAT/enhancer binding protein as down-regulated. RT was performed using firstround antisense RNAs prepared for microarray analysis. For real-time PCR analysis of the genes selected, ABI Assays-on-Demand TM TaqMan ® probe and primer sets from Applied Biosystems (available at https://products.applied biosystems.com/ab/en/US/adirect/ab?cmd=catNavigate2 &catID=601267)(n=4/group) were used. For quantification of the expression data, a standard curve method was applied.
The expression values were normalized to two housekeeping genes, Glyceraldehyde 3-phosphate dehydrogenase and Hypoxanthine-guanine phosphoribosyltransferase.
Immunohistochemistry: To evaluate the immunohistochemical distribution of the molecules selected by microarray analysis, the brains of male pups obtained at PND 20 or PNW 11 were fixed in Bouin's solution at room temperature overnight. Six animals were used as untreated controls, six for 200 ppm MMI, eight for 3 ppm PTU, and nine for 12 ppm PTU on PND 20. On PNW 11, 10 animals were used as untreated controls and 10 for 200 ppm MMI, nine for 3 ppm PTU, and six for 12 ppm PTU.
Immunohistochemistry was performed on the brain tissue sections of PND 20 and PNW 11 animals with antibodies against Ephrin type A receptor 5 (EphA5; rabbit IgG, 1:50; Abcam, Cambridge, U.K.) and Tacr3 (rabbit polyclonal antibody, 1:3,000, Novus Biologicals, Inc., Littleton, CO, U.S.A.), which were incubated with the tissue sections overnight at 4C. Antigen retrieval treatment was not performed for these antigens. Immunodetection was carried out using a VECTASTAIN ® Elite ABC kit (Vector Laboratories Inc., Burlingame, CA, U.S.A.) with 3,3'-diaminobenzidine/H 2 O 2 as the chromogen, as previously described [23] . The sections were then counterstained with hematoxylin and coverslipped for microscopic examination.
With regard to EphA5, Efna5, a gene encoding the representative ligand for this receptor molecule [5] , was found to be up-regulated (2-fold) by microarray analysis in all of the groups exposed to anti-thyroid agents in the present study (Table 1) . Because distribution of EphA5 has been confirmed in the pyramidal cells of the hippocampal CA1 region at both developmental and adult stages in mice and at adult stage in humans [3, 17] , we selected this molecule to examine distribution changes in the present study. Tacr3 was also up-regulated in all of the MMI and PTU groups by microarray analysis and real-time RT-PCR in the present study ( Table 1) . Expression of Tacr3 in the hippocampal CA1 pyramidal neurons has also been confirmed in rats [11] , and therefore, we also selected this molecule for examination in the expression changes in the present study.
Morphometry of immunolocalized cells and apoptotic cells: EphA5-or Tacr3-immunoreactive cells distributed in the pyramidal cell layer or stratum oriens of the hippocampal CA1 region were bilaterally counted and normalized to the number in the length of the CA1 region measured (Fig.  1 ). Tacr3-immunoreactive cells in the subgranular zone of the dentate gyrus were also bilaterally counted and normalized for the number in the length of the granular zone meas u r e d . F o r q u a n t i t a t i v e m e a s u r e m e n t o f e a c h immunoreactive cellular component, digital photomicrographs at 100-fold magnification were taken using a BX51 microscope (Olympus Optical Co., Ltd., Tokyo, Japan) attached to a DP70 Digital Camera System (Olympus Optical Co., Ltd.), and quantitative measurements were performed using the WinROOF image analysis software package (version 5.7, Mitani Corp., Fukui, Japan).
Statistical analysis: Numerical data of the number of immunoreactive cells were assessed using Student's t-test to compare the untreated controls with each of the anti-thyroid agent-exposed groups when the variance was homogenous among the groups using a test for equal variance. If a significant difference in variance was observed, Aspin-Welch's ttest was used instead. The data for gene expression levels from real-time RT-PCR analysis were analyzed by the Kruskal-Wallis test, followed by Bartlett's test. When statistically significant differences were indicated, Dunnett's multiple test was used for comparisons with the untreated controls. For the microarray data, statistical analysis was performed with GeneSpring ® software, and the significance of gene expression changes was analyzed by Student's t-test or ANOVA between the untreated controls and each of the anti-thyroid agent-exposed groups. Figure 2 shows the Venn diagram of genes showing altered expression in the microdissected CA1 pyramidal neurons in the exposure groups in combination or individually in each exposure group. Many genes were found to be up-or down-regulated in common in two of the three groups. The numbers of genes classified into common categories between the groups or individually in each group were similar in terms of up-and down-regulated genes. The number of genes showing up-or down-regula- tion in response to 12 ppm PTU was approximately 2-fold higher than that with 3 ppm PTU. The number of genes showing up-or down-regulation in response to 200 ppm MMI was in between that elicited by 3 or 12 ppm PTU. One-hundred nineteen genes were up-regulated in common by MMI and PTU, with PTU showing up-regulation from 3 ppm. On the other hand, 97 genes showed down-regulation in all MMI and PTU groups. Representative genes showing up-or down-regulation in all three groups are shown in the Table 1 . Among the genes listed, genes associated with nervous system development, zinc ion binding, apoptosis and cell adhesion were commonly up-or down-regulated. Genes related to calcium ion binding were found to be upregulated and those for myelination were often down-regulated.
RESULTS

Microarray analysis:
Real-time RT-PCR analysis:
For confirmation of the microarray data, four genes that were up-regulated and three that were down-regulated in response to anti-thyroid agents were selected for mRNA expression analysis by real-time RT-PCR and the results are summarized in Table 2 .
In all exposure groups, many of the expression changes were similar in the two analysis systems, except for much higher expression of Plagl1 in all exposure groups by realtime RT-PCR as compared with findings from the microarray system.
Although we performed expression analysis of Efna5 by real-time RT-PCR, expression values were rather low with great variability between samples, and therefore, reliable quantitative data could not be obtained (data not shown).
Immunolocalization of EphA5 and Tacr3 in the hippoc- ampal formation: Immunohistochemical localization of EphA5 and Tacr3 in the hippocampal formation was examined at PND 20 and PNW 11. On PND 20, EphA5 showed weak immunoreactivity in the pyramidal neurons throughout the hippocampal formation in the untreated controls. This immunoreactivity was unchanged by exposure to anti-thyroid agents. On the other hand, very sparse distribution of strongly immunoreactive cells for EphA5 was observed in the region of the CA1 pyramidal cell layer and stratum oriens in the untreated control animals, but immunoreactive cells were significantly increased showing scattered distribution by PTU at both 3 and 12 ppm (Fig. 3A) . MMI-exposed animals also showed a small increase in the number of strongly positive cells with EphA5. Increased intensity in immunoreactivity of EphA5 was also observed in the gray matter consisting of neuropil at the stratum oriens of the CA1 region (Fig. 3A) , and also in the molecular layer of the dentate gyrus at PND 20 after exposure to anti-thyroid agents, especially in PTU-exposed groups (data not shown). With regards to Tacr3, the number of positive cells was increased with a scattered distribution showing strong intensity in the CA1 region similarly to that of EphA5 in the animals exposed to MMI or PTU on PND 20, but they were mostly absent in the untreated controls (Fig. 3B) . Similarly, Tacr3-immunoreactive cells were sparse in the subgranular zone of the dentate gyrus in the MMI and PTU-exposed animals and in the untreated controls, but there were no differences in the number of positive cells as compared with the untreated controls (Fig. 3C ). In addition, increased intensity in neuropil-immunoreactivity of Tacr3 was also observed in the strata oriens and radiatum of the CA1 region in all exposure groups of anti-thyroid agents (Fig. 3B) .
On PNW 11, EphA5 showed weak immunoreactivity in the pyramidal neurons throughout the hippocampal formation in the untreated controls. This immunoreactivity was unchanged by exposure to anti-thyroid agents. EphA5-immunoreactive cells with moderate staining intensity were very sparsely observed in the region of the CA1 pyramidal cell layer and stratum oriens in the untreated control animals. There was no statistically significant increase in the number of these immunoreactive cells after exposure to PTU, while animals exposed to MMI showed a tendency for an increased number of immunoreactive cells (Fig. 4A) . Increased neuropil-immunoreactivity of EphA5 as observed at PND 20 in exposure groups of anti-thyroid agents was mostly disappeared at PNW 11 (data not shown).
As well as at PND 20, Tacr3-immunoreactive cells were mostly absent in the untreated controls at PNW 11; however, a few immunoreactive cells with weak to moderate intensity were observed in the stratum oriens of the CA1 region in the animals exposed to anti-thyroid agents. There was a statistically significant difference in the animals treated with MMI or 3 ppm PTU compared with the untreated controls (Fig. 4B) . Although the change was nonsignificant and lacked dose-dependence, 12 ppm PTU also showed an increasing tendency in the number of Tacr3-immunoreactive cells. In addition, increased neuropilimmunoreactivity of Tacr3 as observed at PND 20 in exposure groups of anti-thyroid agents was mostly disappeared at PNW 11 (data not shown). 
DISCUSSION
In our recent study using rats [24] , after maternal exposure to MMI or PTU, we detected typical hypothyroidismrelated changes in the thyroid-related hormone levels, and hippocampal CA1 pyramidal neurons due to neuronal mismigration, as previously reported [8] . We also observed white matter changes, which seem to be due to impaired oligodendroglial development [6, 21] . To visualize molecules related to impaired neuronal development, microdissected CA1 region-specific global gene expression profiling was performed in the present study using the same animals that were used in our previous study. Two recently published studies have used microarrays to examine the expression profiles in the cerebral cortex and hippocampus of genes linked to developmental hypothyroidism caused by maternal PTU-exposure [7, 19] . In accordance with these studies, the genes that were significantly down-regulated in the present study included those that play roles in myelination, such as Mobp and myelin-associated glycoprotein, suggestive of the reflection of suppressed myelination by developmental hypothyroidism [21] . However, the genes that were found to be up-regulated on microdissected CA1 pyramidal cell layer, including Efna5 and Tacr3, in the present study, have not been identified in previous studies. This difference may be related to the target tissues collected and the methods used, including microdissection of CA1 pyramidal cell layer from paraffin-embedded sections in the present study versus manual dissection of the cortical tissues from unfixed tissues in the previous studies.
EphA5 is a tyrosine kinase receptor that is almost exclusively expressed in the nervous system [15] . EphA5 and its ligand are important in mediating axon guidance, topographic projection, development, cell migration and the plasticity of limbic structures [15] . In addition, the transient expression of EphA5 during development is correlated with early neurogenesis and the migration of differentiated cells in the midbrain [3] . Thus, although expression of EphA5 was mostly weak in the euthyroid CA1 pyramidal neurons at PND 20, the increased number of EphA5-expressing cells with strong intensity in the CA1 region during developmental hypothyroidism in the present study reflects the neuronal mismigration caused by anti-thyroid agents. However, this increase was recovered after cessation of developmental hypothyroidism. Ephrins and their receptors are recently identified molecules and functional relationship between subfamily proteins is largely unknown; however, we, in the present study, found down-regulation of Epha7, another subfamily ephrin receptor, in all exposure groups of antithyroid agents (Table 1) .
Tacr3, a member of the mammalian tachykinin peptide neurotransmitter/neuromodulator receptor family, is predominantly expressed in neurons in both the peripheral and central nervous systems, including the hippocampus [25] . There is increasing evidence of the role of Tacr3 on the survival and function of dopaminergic neurons. The survival of mesencephalic dopaminergic neurons during development largely depends on excitatory inputs, and tachykinins, through their receptors, are reported to play role in excitation [20] . On the other hand, senktide, a Tacr3 agonist, activates dopaminergic neurons to stimulate the release of dopamine and serotonin, and hyperlocomotion in gerbils [14] . Abnormal excitatory action of D 2 -like receptor, one of the major subtypes of dopaminergic receptors, was observed on glutamatergic transmission in the CA1 synapses in the adult stage of rats after developmental hypothyroidism, suggesting a permanent disruption of synaptic integration in the CA1 neural networks [16] . While the role of Tacr3 in the hippocampal CA1 region during development is not clear, the increase in Tacr3-positive cells with strong intensity in this region during developmental hypothyroidism suggests a cell survival effect of tachykinin-3. Although the magnitude of the change was decreased, as compared with that at the end of the developmental hypothyroidism, the increased number of Tacr3-positive cells in the CA1 region of MMI and 3 ppm PTU-exposed animals may be an outcome of permanent disruption of synaptic integration, as described by Oh-Nishi et al. [16] . However, sparse distribution of Tacr3-positive cells may reflect that impairment sustained in a small population of aberrantly migrated neurons.
In conclusion, in this study, we have shown gene expression profiles showing altered expression in response to developmental hypothyroidism by analysis on microdissected hippocampal CA1 pyramidal cell layer in rats. Immunohistochemical analysis of the two candidate molecules revealed that developmental hypothyroidism until weaning is associated with the persistence of Tacr3-expressing neurons until the adult stage in the CA1 region, suggestive of the reflection of permanent disruption of synaptic integration. These findings probably reflect a mechanism to facilitate cell survival of aberrantly developed neurons due to mismigration.
